The study found that a Vis/SWNIR spectrometer could be used to predict sugar content from all sample forms. The stalk samples scanned on cross sectional surface was found to be the optimum sample form for quality prediction using a Vis/SWNIR spectrometer.
INTRODUCTION
Sugarcane (Saccahrum spp.) is an important crop in Australia with the production value ranging from AUD$1.5 to 2.5 billion per year. 1 In Australian sugarcane industry, growers are paid based on both yield and quality of their product. Sugarcane quality is determined based on its sugar content, known as commercial cane sugar (CCS). CCS is derived from brix (soluble solids content), pol (sucrose content) and fibre content. The brix and pol are usually measured in the laboratory using conventional measurement methods including refractometer, polarimeter and chromatographer. Lately, the application of spectroscopic methods as an alternative to the conventional measurement methods to measure sugarcane quality has been reported. [2] [3] [4] Currently, there is a growing interest within the industry to measure sugarcane quality in the field. Ability to measure sugarcane quality in the field is very important especially for assessing the crops growth and development, harvesting management, adoption of the precision agriculture technique and payment purposes to growers. Therefore, the most suitable measuring technology to measure sugarcane quality in the field should be first identified. Lately, several studies have been carried out using the spectroscopic methods to determine quality level in the field for different crops including maize 5 and forage. 6 Thus, spectroscopic methods may have the potential to be used for predicting sugarcane quality in the field.
In sugarcane industry, however, spectroscopy methods have been applied to measure quality level using different sample forms including fibrated samples, 3,7 raw juices, 8 clarified juices 2 and stalk samples. 9 Since different sample forms have different prediction accuracies and require different sample preparations, the selection of the optimum sample form for the quality measurement using spectroscopy in the field is very important. For example, stalk crusher would be needed to provide juice samples for juice measurement and a shredder would be needed if fibrated samples are used for the measurement. Furthermore, the selection of the optimum sample form would also determine the appropriate location where it could be sampled on a chopper harvester.
Unfortunately, the optimum sample form could not be selected from the previous studies because those studies were subject to different experimental setups, spectrometers specifications, wavelength regions and spectral data treatments. Therefore, the purpose of this study was to identify the optimum sample form for quality prediction using a visible-shortwave near infrared (Vis/SWNIR) spectrometer under the same experimental setup and spectral data treatment. A portable Vis/SWNIR instrument with a wavelength range from 350 to 1100 nm was chosen because this instrument appears promising with the bands are ascribed to the third and fourth overtones of O-H and C-H stretching modes and the instrument is low-cost and portable enough for in-field measurements. 10 In this study, five different sample forms were investigated including raw juice (RJ), clear juice (CJ), fibrated samples (FS), stalk cross sectional surface (SCS) and stalk skin (SS). The specific objectives of this study was to (1) investigate the feasibility of using Vis/SWNIR spectrometer to predict brix level of each sample form; (2) to identify the optimum sample form based on its prediction quality.
MATERIALS AND METHODS

Samples preparation for juices and fibrated samples
A total of 100 sample sets were collected from different field trials in Bundaberg, Australia throughout the harvest season in 2012. Each sample set consists of a group of six whole stalk samples. Each sample set was passed through the small mill at the Bureau of Sugar Experimental Station (BSES) laboratory complex in Bundaberg. Each sample set was first fibrated using a hammer mill. Then, 100 g fibrated cane was collected for scanning purposes. The remaining fibrated cane was pressed using hydraulic press to extract the first express juice samples. Then, the collected juices of each sample set was filtered and divided into two sets, one set to determine brix and another set to determine pol. The brix (soluble solids content) measurement was done on raw juices using a Bellingham and Stanley RFM 310 refractometer. For pol measurement, the raw juice samples were first clarified using lead acetate. Pol (sucrose content) measurement was done on clarified juice samples using a Polartronic Universal automatic polarimeter (Schmidt + Haensch, Berlin, Germany).
Samples preparation for internode samples
A total of 128 internodes were extracted from eleven sugarcane stalk samples. The stalk samples were collected from the research station BSES, Bundaberg. The stalks were taken from commercial variety trials representing three different maturity stages, namely early-maturing (Q155), mid-maturing (Q208) and late-maturing (Q190) crops. The selection of these three varieties was to make sure that the models developed in this study would cover a wide range of quality parameters which are typically available during harvesting. Whole stalk samples were first topped and cut into individual internode using a scissor. Then, it was perpendicularly cut into four portions approximately at the same length (Figure 1 ). Each cut section was labelled as C1, C2, C3, and C4 following the sequence from C1 to C4 (bottom to the top). Each section was labeled 'S' for skin scanning (SS) and 'C' for stalk cross sectional scanning (SCS). After cutting, each cut portion was immediately scanned on skin and cross-sectional surface using the spectroradiometer.
After the spectra acquisition, all of the cut sections from the same individual internode were squeezed using a clamp to extract a representative juice sample. The extracted juice of each cut section from the same internode was collected and mixed in a container, shaken and poured onto refractometer to measure the Brix. The Brix measurement was made using handheld Brix refractometer (Model: RHB-32ATC, China, the Brix range is 0-32% with automatic temperature compensation). 
Equipment for spectral measurement
The reflectance data for all samples were measured using a handheld Vis/NIR Spectroradiometer (FieldSpec HandHeld and FieldSpec Pro FR, 325 to 1075 nm, Analytical Spectral Devices (ASD), Inc., Boulder, USA). The spectral data were collected in the wavelength range of 325 to 1075 nm in 1.5 nm intervals. The equipment was set to record the average reading of 25 scans for each spectrum. The reflectance measurements were undertaken using the 25• field of-view (FOV) of the spectroradiometer. Two halogen lamps (Lowell Pro-Lam 14.5 V tungsten bulb, Ushio Lighting, Inc., Japan) were used to provide illumination to the sensor. The lamps were placed at a distance of 800 mm and an angle at 45° away from the samples. The reflectance measurements were carried out in a black measuring box (900 x 600 x 450 mm). The box was built to enclose the sensors, samples and light sources from ambient light. Another reason for the box was to afford consistent experimental setup which could yield valid comparison. In order to find the best sample forms, the measurement of all samples forms should be carried out under the same measurement condition.
Reflectance measurement for internode samples
For both skin and cross-sectional scanning methods, the distance between the sensor and samples was set at 70 mm, resulting in a measured spot of 31 mm diameter. Distance between the sensor and samples were maintained by fixing the sensor to a tripod and the samples were held by a fixed sample holder. Relative reflectance spectra were calculated by dividing stalk radiance with reference radiance from a spectralon white reference panel for each wavelength. The panel reflectance spectrum was taken before the spectral scanning experiment. Four spectra from each internode (C1 to C4) were then averaged and later used for calibration against brix values obtained by the refractometer method.
Reflectance measurement for juices samples
For reflectance measurement of juices (raw and clarified) samples, 50 mL of juice samples were placed into plastic cup with surface diameter of 60 mm. Considering the diameter of the cup, the distance between the sensor and cup was set at 112 mm, resulting in a measured spot of 50 mm diameter. A standard reference (spectralon white reference panel) measurement was made every time prior to sample measurement.
Reflectance measurement for fibrated samples
Fibrated samples were packed into the cup (same cup used for juice samples). The cup was 60 mm in diameter by 30 mm thick. The fibrated samples directly scanned without any closure. Care was taken not to overfill or excessively compress the samples in the cup. The fibrated samples were packed and levelled before scanning to have a smooth scanning surface and uniform presentation.
All spectral data were stored in a computer and processed using the RS3 software for Windows (Analytical Spectral Devices, Boulder, CO, USA) designed with a graphical user interface. The reflectance spectra (R) were transformed into ASCII format by using the ASD ViewSpec Pro software (Analytical Spectral Devices, Boulder, CO, USA). Then, the absorbance spectra (A) were calculated as Log (1/R). In order to avoid a low signal-to-noise ratio, the first and last 75 nm data points were removed from the original spectral data. Therefore, only the wavelength regions between 400 and 1000 nm were used for the calculations.
Multivariate analysis
Before the calibration, the spectral data was pre-processed for optimal performance. After some trials and computations, multiplicative scatter correction (MSC) technique was found to be the best pre-processing technique for this study. In fact, MSC is the most popular normalisation technique offered by most chemometrics software packages. MSC is used to correct for light scattering variations in reflectance spectroscopy. 11 The pre-processing processes were implemented using the Unscrambler, V 9.6 software (Camo Process AS, Oslo, Norway).
Principal component analysis (PCA) was applied in analyzing the spectra data to extract useful information, decrease the noise and reduce the number of principle components (PCs). PCA is a well-known chemometrics method used to search for directions of maximum variability in sample grouping and uses them as new axes called principle components (PCs) that can be used as new variables, instead of the original data, in the following calculations.
12 PCA was also used to detect spectral outliers that might affect model performance in each data set. These identified outliers should be removed before modeling by partial least square (PLS) regression.
Partial least squares (PLS) analysis is commonly applied in the near infrared spectroscopy analysis. PLS analysis could be used to establish a regression model to perform the prediction of sugar content from sugarcane juices. In this paper, PLS was applied as a regression method as well as a way to extract the latent variables (LVs). The LVs were considered as new eigenvectors of the original spectra to reduce the dimensionality and compress the original spectra data. The maximum numbers of LVs used in this study was set at ten. Full cross validation (leave-one-out) was used to evaluate the prediction quality and prevent over fitting of the calibration model. 13 External validation method was used in this study to determine the predictive ability of an equation, based on a sample set which has not been used in the calibration development. Before the calibration, samples were divided into two sets. One set (75% of samples) was used to develop a prediction equation (calibration set) and another set (25% of samples) was used to validate the predictive equation (validation set). Samples for validation were selected by taking one of every four samples from the entire sample set, taking care to ensure that each set included samples that covered the entire range of sugarcane quality values. In this paper, both PCA for PLS modelling were run using the Unscrambler V 9.6. The performance of the final PLS models was evaluated by the coefficient of determination for prediction (R 2 ) and root mean squares of prediction (RMSEP). A proper model should have a low RMSEP and a high R 2 for both calibration and prediction models.
RESULTS AND DISCUSSIONS
Overview of spectra and statistic values of quality parameters
The summary of statistical characteristics for calibration and prediction data sets of all sample types is shown in Table 1 . A relatively wide range of brix values obtained for internode samples was due to the inclusion of three different varieties with different maturity stages. For both samples sample types, however, the calibration and prediction data set showed similar means, ranges and standard deviation. The averaged absorbance spectra for all sample forms are shown in Figure 2 . All curves show a downward trend as the wavelength increases. A higher absorption level by raw juices is due to the presence of impurities, colour pigments and fine fibres. 7 At 680 nm, spectra for all sample forms displayed weak peaks while these peaks are not observed for clear juice. The peak at 680 nm belongs to chlorophyll content.
14 For clarified juice samples, the chlorophyll content has been eliminated through clarification process. The absorption peaks around 975 -980 nm were related to soluble solid content. The prediction performances of the PLS models were evaluated by the prediction set using R 2 RMSEP. The PLS model performances for all sample forms are shown in Table 2 . The prediction performance shows that SCS is the optimum sample form the scanning with the Vis/SWNIR instrument, followed by FS, CJ, SS and RJ with R2 values were 0. These results demonstrated that the Vis/SWNIR spectrometer could be used for quality prediction in all samples forms. However, the stalk samples scanned on cross sectional scanning (SCS) found to be the optimum sample form for in-field quality measurement using the Vis/SWNIR spectrometer.
CONCLUSIONS
The results obtained in this study have demonstrated that the Vis/SWNIR spectroscopy has an ability to predict brix values from different sample forms. The stalk samples scanned on cross sectional surface (SCS) has the highest prediction accuracy as represented by R 2 of 0.88. The results of this study suggest that low-cost and portable Vis/SWNIR techniques might offer the possibility to predict sugarcane quality in the field without the need for costly and laborious chemical. However, the work reported here is only a feasibility study and requires further development with considerably more commercial samples before its full potential can be realised for adoption by the sugarcane industry.
